Recently, the demand of a highly loaded impeller for industrial compressors is increasing due to environmental and economic reasons. In a compressor aerodynamic design including the matching of an impeller and a diffuser, it is very important to predict the impeller flow field precisely, but due to its high blade loading, a large flow separation and a strong clearance leakage flow occurring inside the impeller passage and impeller exit flow is distorted significantly. Thus it becomes difficult to predict a compressor performance with enough accuracy.
NOMENCLATURE

INTRODUCTION
Flow through a high pressure ratio centrifugal impeller has been a recurring challenge especially at high impeller rotational speeds as they are strongly affected by 3 dimensional boundary layers, secondary flows and flow separations [1] . In the context of modern day, the environmental and economic needs are driving the development of industrial compressors towards high efficiency and high pressure ratio. This requirement of high efficiency and pressure ratio, and the limitation in the maximum number of compressor stages gives rise to the necessity to increase a single stage centrifugal compressor impeller loading. Since diffusers are frequently applied to increase stage performance, an optimum diffuser design matched to a highly loaded impeller becomes essential.
However matching an impeller and a diffuser becomes a challenging task because the flow discharged by a highly loaded centrifugal impeller is highly distorted as extensively studied in [1, 2] . The unfavorable rotor exit flow is especially related to high flow angle differences from hub to shroud at impeller discharge which cause unsteady diffuser inlet flow conditions [3, 4] . These effects originate from leading edge flow separations as well as strong secondary flows caused by tip clearance and shroud curvature. Thus in order to solve the problem of diffuser matching, impeller exit flow needs to be understood completely.
At high rotational speeds, high pressure rise in compressors produce supersonic velocities into the diffuser which in turn produces complicated flow with shock waves. In paper [5] , hot wire measurements of impeller exit flow was undertaken, where impeller inducer is machined down so that the impeller retains the same diffusion, for measurement at a lower speed considering the vulnerability of hot wire measurements at transonic speeds. The low speed measurements of the outlet flow from the impeller were observed to be very similar to the flow at high speed. Similar to this, many other researches are dedicated to predicting impeller exit flow through the compressor at high rotational speed or simulating the flow conditions of high rotational speed at lower speeds by compressor redesign, however there are not so many researches focusing on impeller exit flow through the highly loaded compressor at a low operating speed.
In the present paper, instead of impeller redesign, the original impeller is rotated at a low rotational speed condition. In the current research, investigating the highly loaded impeller exit flow mechanism at a low rotational speed was considered as an essential first step to ultimately understand the high speed impeller exit flow mechanism.
Since CFD steady computations are extensively used in modern day, in the field of centrifugal compressor design, it is of utmost necessity to identify the range of usability and limitations of using CFD as a tool for product design and development process. The purpose of the current study is improvement of our insight into the real flow mechanism at impeller exit in case of a highly loaded centrifugal impeller. This leads to the objective of current research to primarily clarify the similarities and differences in impeller exit flow characteristics, through comparison of simulation (CFD) and test results and understand the reason that can cause such difference in prediction.
COMPRESSOR CONFIGURATION
The compressor impeller chosen for the current study is shown in Tab. 1 and Fig. 1 . The diffuser used in the current configuration is vane less. 10.65 mm FIGURE 1. IMPELLER
EXPERIMENTAL METHOD
To understand the flow mechanism exiting a highly loaded impeller, measurements on flow field at impeller exit flow was undertaken as the primary task.
In the current research, Yaw meter pressure probes and hot wire anemometer probes were applied to measure the absolute flow angle, total pressure and turbulence intensity at several circumferential locations at the impeller exit streamwise position of 1.1 times the impeller diameter (Fig. 2) . The measurement of impeller exit flow field parameters at various span-wise locations, at a constant 1.1D2 stream-wise location shown as the measurement location in Fig. 2 , could be achieved by means of traversing the probes in the span-wise direction using a traversing device at a precision of 0.01 mm . Triggering of the signal at an individual blade passing event is also applied in the measurement which is done using a gap sensor.
Measurement of flow angles and total pressure
A 3-hole yaw meter probe is used for measuring absolute flow angles and total pressure. Yaw meter probes measure the flow angle from the yaw angles of the probe. Alignment to the flow direction is detected as a yaw angle value of 0º, which occurs when the difference of the total pressure reading of the 2 holes on each sides of the center hole is equal to 0. Extensive yaw meter measurements were done by repeatedly rotating the yaw meter by 0.1ºuntil the total pressure difference value of 0 is reached. This repetitive measurement process of finding the exact impeller exit flow angle was undertaken at each measurement locations for all rotational speeds. Thus using this process yaw meter could detect all possible flow angles at the impeller exit, even a reverse flow angle. The span wise measurement locations at the stream wise position of 1.1 D2 are shown in the following Fig. 3 . 
FIGURE 3. SPAN WISE MEASUREMENT LOCATIONS
Yaw meter measurements with throttle ring were done at the measurement location shown in Fig. 3 using the current highly loaded impeller at Mu2 = 0.67 and Mu2 = 1.18 at three flow coefficients individually.
Measurement of Turbulence
Turbulence intensity measurement and its comparison with the turbulence predicted by the turbulence model applied in case of the CFD computation, is an effective way to understand the differences in impeller exit flow characteristics predicted by simulations (CFD) and measurements. Hot wire anemometry for turbulence intensity prediction is generally used in case of low velocity flows for point data measurements [6] . Sensitivity to heat or high velocity flows renders hot wire anemometry limited to a certain range of measurements. [7] In current research, hot wire probes that are used for flow measurements are X probes which consists of 2 wires perpendicular to each other and are capable of simultaneous measurements. The measurement position is similar to the yaw meter at 1.1 times D2 circumferential position. The X probe traversed through 11 points from shroud to hub in order to record the span-wise variation flow field values. Hot wire measurements with throttle ring were done at the measurement locations shown in Fig. 4 at Mu2 = 0.67 and Mu2 = 0.88 at three flow coefficients individually. 
Application of Throttle ring
Validation of experimental results with that of CFD becomes difficult especially regarding the flow at impeller exit, considering that CFD computations are single passage computations assuming axis symmetric flow and don't include the scroll in computational domain. This is the reason why, a throttle ring was applied to the experimental setup at the diffuser exit as shown in fig 5. 
FIGURE 5. MERIDIONAL VIEW OF THE EXPERIMENTAL SETUP
The throttle ring was used for increasing the axis symmetric flow condition and decreasing the effect of scroll on flow field at impeller exit.
Data Processing
Data recorded in the yaw meter and hot wire anemometry measurements are analyzed for validation using MS Excel and MATLAB programming. In case of hot wire anemometry, the data samples obtained by point measurements at various span and circumferential positions were analyzed using phase locking and ensemble averaging techniques. The signal of a gap sensor acted as the trigger recording every blade passing event. The hot wire measurement data is triggered into samples of data containing the circumferential component of flow velocities at a specific span position, which is further measured for all span positions. Ensemble averaging flow velocity values at every point result in the turbulence intensity spanning the 2D flow field at impeller exit.
The initial turbulence intensity data recorded showed a small contrast between the regions of high and low turbulence. This was due to the fact that, the number of samples obtained by phase locking and later used for ensemble averaging were low and hence the authenticity of the flow mechanism predicted by the results was insufficient. Therefore the number of samples was increased for data recorded per sample. Increase in the number of samples helped improve the contrast between the regions of high turbulence compared to the regions of low turbulence.
COMPUTATIONAL ANALYSIS
The computational analysis on the current compressor was performed using ANSYS CFX steady simulations at Iwate University. Single passage RANS flow computations were performed under the axis symmetric flow assumption. SST Turbulence model was chosen for the steady computation.
FIGURE 6. CFD DOMAIN
The total number of mesh was 4 million for the centrifugal impeller and vane less diffuser setup. The boundary conditions used are given in the following Tab. 1. 
EXPERIMENTAL RESULTS AND VALIDATION
The effect of throttle ring in creating an axis symmetric flow field at the impeller exit could be realized (Fig. 7) .
FIGURE 7. CIRCUMFERENTIAL VARIATION OF STATIC PRESSURE
It was observed that the effects of throttle ring in creating an axis symmetric flow field at the impeller exit could be realized to a greater extent in case of the throttle ring choke flow point rather than the lower flow coefficients (Fig. 8) .
FIGURE 8. IMPELLER EXIT FLOW ANGLE CIRCUMFERENTIAL VARIATION (θ = AZIMUTHAL ANGLE)
The results of yaw meter measurements show flow angle increasing from hub to shroud at impeller outlet. This trend is also seen in CFD results however, significant decrease in impeller exit flow angles compared to the CFD results. It can be observed in Fig. 9 that CFD results overestimate the absolute flow angle values throughout all span positions at Mu2=0.67, especially at the shroud region. The absolute pressure ratio shows similar trend in measurement results as in CFD and the values are also similar to each other. At higher rotational speeds (at Mu2 =1.18) overestimation of absolute flow angle by CFD seems to increase towards the shroud (Fig. 10) . CFD also predicts a reverse flow at the shroud, which is not detected in case of experiments. Pressure ratio comparison show similar trend in CFD against the experimental results like in the case of lower rotational speed, however the relative deviation of CFD result from experiment seems higher in this case. The results of hot wire anemometry at the lower rotational speed, (Mu2 = 0.67) show resemblance with CFD results near the shroud region (Fig. 11) , region of high turbulence can be observed at the shroud in both measurements and CFD results.
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FIGURE 11. HOTWIRE RESULTS
However CFD results predict regions of lower turbulence at the hub whereas no such regions exist in the measurement results. This could be due to the fact that CFD results underestimate the free stream turbulence and mixing effects between free stream and clearance flows exist. Significant increase in turbulence intensity can be observed in measurement results at a higher rotational speed (Mu2 = 0.88).
CONCLUSIONS
A trend of growing difference in the impeller exit flow angle values from hub to shroud is observed in the Yaw meter measurement results when compared to CFD results. CFD results predict the presence of a strong reverse flow at the shroud region, differing from measurement results for high speed impellers.
When turbulent intensity measured using hot wire anemometry at the impeller exit position 1.1 times D2 at all span positions is compared to CFD results, resemblance could be observed in the shroud region where a region of high turbulence exists. However CFD results predict a region of lower turbulence at the hub whereas in measurements, no such region exists. This could be due to the fact that CFD results underestimate the free stream turbulence and mixing effects between free stream and clearance flows.
